The structural properties of metamagnetic shape memory alloy Ni 40 Co 10 Mn 34 Al 16 were investigated by X-ray powder diffraction measurements in the temperature range from 283 to 473 K and magnetic fields up to 5 T. With increasing temperature from 283 K, the alloy undergoes the reverse martensitic transformation from the tetragonal L1 0 -type structure with the lattice parameter a t ¼ 0:3853 nm and c t ¼ 0:3299 nm into the B2-type cubic structure with the lattice parameter a c ¼ 0:2924 nm at A s ¼ 383 K. At 408 K (>A s ), we directly observed the field-induced reverse martensitic transformation.
Introduction
Since a large magnetic field-induced strain in the Ni 2 MnGa alloy was reported, 1) ferromagnetic shape memory alloys (FSMAs) have received much attention as high-performance actuator materials. The magnetic field-induced strain (MFIS) obtained in the ferromagnetic Ni 2 MnGa single crystal is explained by the rearrangement of martensite variants due to an external field.
2) On the other hand, Sutou et al. 3) have found that in Ni-Mn-X (X = In, Sn, and Sb) alloys with a Heusler-type structure the magnetization of the martensitic (M) phase is considerably smaller than that of the parent (P) phase. Especially in the Ni-Mn-In alloys, since a ferromagnetic P phase transforms to a paramagnetic M phase, 4) a magnetic-field-induced reverse transformation (MFIRT) due to Zeeman energy can be detected. 5) A MFIS of about " ¼ 3% by using the MFIRT, so-called metamagnetic shape memory effect, has also been confirmed in a Co-doped NiMn-In single-crystal.
5)
The high-field X-ray diffraction measurement for these Heusler alloys showing the MFIRT has first been conducted for the Ni 50 Mn 36 Sn 14 alloy transforming from a orthorhombic into a cubic structure, 6) where the martensitic transformation appears in the temperature region below room temperature (RT). Recently, the MFIRT has also been reported at relatively high temperatures of 345 K and 350 K in a Co-doped Ni-Mn-Al alloy with a high Curie temperature of about 430 K. 7) Since the MFIRT obtainable at high temperatures widens the temperature range applicable for the actuator materials, the Ni-Co-Mn-Al alloys with both the high Curie and martensitic transformation temperatures are of interest. Although crystal structures of the P and M phases at RT in the Ni-Co-Mn-Al alloys have been determined by XRD measurements as cubic B2-and tetragonal L1 0 -type structures, respectively, 7) the martensitic transformation induced by high magnetic fields at the high temperatures
has not yet been confirmed by using in-situ observation techniques.
In this study, we have carried out XRD measurements under magnetic fields up to 5 T in the temperature ranging from 283 to 473 K, in order to clarify the structural properties for Ni 40 Co 10 Mn 34 Al 16 alloy in high magnetic fields.
Experimental
The polycrystalline sample of Ni 40 Co 10 Mn 34 Al 16 alloy has been prepared by induction melting under an argon atmosphere.
7) The obtained ingot was annealed at 1373 K for 72 h in a vacuum and quenched in ice water. After that, the ingot was pulverized into powder. In order to remove the strain in the powder, the powder sample was annealed at 1173 K for 10 min. The martensitic transformation temperatures were determined by differential scanning carolimetry (DSC) measurements, where the heating and cooling rates were 10 K/min. X-ray powder diffraction (XRD) experiments with Cu K radiation were carried out in magnetic fields up to 5 T 8) and in the temperature range T from 283 to 473 K. The detailed XRD setup was reported in Ref. 9). The powder was fixed with Apiezon H grease (M&I Inst. Ltd.) on a copper sample holder. The sample is heated by non-inductive Nichrome coil. In order to prevent the sample from oxidation, measurements are carried out in a Helium gas atmosphere ( 0:1 MPa). The diffraction data were taken at 30 2 100 with a step size of 0.01 . We confirmed that the powder sample was not removed by the magnetic force until the measurement in high fields was completed. The X-ray reflection line indices and the crystal structure are determined by comparison with simulation profiles using a Rietveld program (RIETAN). 10) 3. Results and Discussion Figure 1 shows the DSC curve for the Ni 40 Co 10 Mn 34 Al 16 powder. Here, one endothermic and two exothermic peaks related to the martensitic and magnetic transformations are observed. From these peaks, the martensitic transformation starting and finishing temperatures, M s and M f , the reverse transformation starting and finishing temperatures, A s and A f , were determined to be 386 K, 328 K, 383 K, and 428 K, respectively, where the M s , M f , A s and A f were defined by the intersection of the base line and the tangent line with the largest slope of the peaks. Both the forward and reverse martensitic transformations obtained by the DSC measurement show a broader behavior than the reported one. 7) This is probably due to the residual strains in the powder sample. According to the previous report, T C of Ni 40 Co 10 Mn 34 Al 16 is 429 K. 7) Figure 2 shows the XRD profiles obtained at 283 K (a) and at 473 K for heating (b) and at 283 K for cooling (c) processes. In this figure, we show the profiles except for the peak of the copper 200 (50 < 2 < 52 ) and 220 (73 < 2 < 75 ) reflections, corresponding to the diffraction from the copper sample holder. Here, hkl t and hkl c denote the Miller indices for the tetragonal L1 0 -and B2-type structures, respectively. Assuming that the M phase has L1 0 structure, we can index all reflections at 283 K (a) and (c). On the other hand, while the weak of 111 t structure still remains, the main peaks of the P phase in the profiles of Fig. 2(b) can be indexed by the B2 structure model. The lattice parameters were determined as a c ¼ 0:2924 nm at 473 K and a t ¼ 0:3853 nm, c t ¼ 0:3299 nm at 283 K, where the axes of these two structures correspond as a t ¼ ffiffi ffi 2 p a c , c t ¼ a c . By the martensitic transformation in cooling from 473 to 283 K, the lattice along the a t axis decreases by 6.82%, while the other lattice c t increases by 12.82%. The XRD profiles in the 2 region from 40 to 50 obtained at several temperatures for heating and cooling process in a zero field are shown in Figs. 3(a) and 3(b) , respectively. As shown in Fig. 3(a) , the peak intensity of the B2 structure appears and develops above 398 K, and does not change over 448 K. On the other hand, with decreasing T from 473 K, the 111 t peak of the L1 0 structure develops, and the intensity of the peak of the B2 structure becomes smaller below 398 K. Below 323 K, only the 111 t peaks of the L1 0 structure were detected. The behaviors of these structural transformations are consistent with the results obtained by the DSC measurement shown in Fig. 1 , while the 111 t peak faintly remains in the temperature region over the M f . Figure 4 shows the XRD profiles obtained under magnetic fields of 0, 3 and 5 T at fixed temperatures of 283 K (a), 408 K (b) and 448 K (c) for the Ni 40 Co 10 Mn 34 Al 16 . Here, the first measurements at 408 and 448 K were performed after zerofield heating from the room temperature (T < M f ). As shown in Figs. 4(a) and 4(c) , the magnetic field of 5 T hardly affects the XRD patterns showing the L1 0 and B2 structures, respectively. In contrast, a magnetic field-induced structural transformation was confirmed at 408 K in the P þ M twophase region as shown in Fig. 4(b) . It is seen that although the 111 t peak of the M phase is suppressed, the 110 c peak of the P phase is enhanced with increasing B, and that the intensity of the 110 c peak which was smaller in the initial stage becomes larger than that of the 111 t peak. This result indicates that the fraction of the P phase increases by application of the magnetic fields. In decreasing B from 5 T to a zero field, the peak intensity of the P phase still remains and the peak of the M phase does not completely recover up to the initial state. According to the previous report on the magnetic properties for Ni 40 Co 10 Mn 33 Al 17 , 7) although the spontaneous magnetization of the P phase is over 20 times higher than that of the M phase in the vicinity of the A s , both the magnetic field hysteresis and interval in the metamagnetic transition are over 7 T, i.e., the magnetization process to 7 T becomes irreversible. The report also showed that both A s and A f of Ni 40 Co 10 Mn 34 Al 16 decrease by 10 K by applying 7 T. 7) Assuming that both A s and A f of our powder sample also decreases by 10 K by applying 5 T, A f for 5 T will be 418 K, which is higher than the experimental temperature of 408 K (see Figs. 1 and 4(b) ). On the other hand, both M s and M f in a zero field are lower than the experimental temperature of 408 K. Therefore, in this experimental condition, we cannot see complete MFIRT of our powder sample, and the M phase does not completely recover up to the initial state. That is, obtained results suggest that the hysteresis and the transformation interval in the field-induce transformation are very large and a higher magnetic field over 5 T is required to obtain a complete and reversible field-induced transformation. However, as seen in Fig. 4(b) , it was directly confirmed by the in-situ XRD examination that the Ni 40 Co 10 Mn 34 Al 16 exhibits a field-induced reverse transformation from the L1 0 structure with the lower magnetic moment to the B2 structure with the higher magnetic moment at a relatively high temperature.
Summary
In summary, the structural properties of Ni 40 Co 10 Mn 34 -Al 16 alloy in high magnetic fields were investigated by the XRD measurement in high magnetic fields up to 5 T and temperature range from 283 to 473 K. The crystal structures of M and P phases were determined to be the tetragonal L1 0 and cubic B2 structure, respectively. A magnetic fieldinduced martensitic transformation of this alloy was observed over room temperature (408 K) for the first time.
